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ABSTRACT 


Before  broader  concepts  of  Tactical  Nobility  are  more  satisfactorily 
defined,  a  definition  of  a  narrower  concept  of  Mechanical  Mobility  must 
be  established  within  the  realm  of  applied  mechanics.  This  also  is 
needed  to  guide  the  engineering  progress  in  the  development  of  more  mobile 

vehicles,  and  in  a  physical  evaluation  of  soil-vehicle  systems. 

- 1>  /}  rr  *-'*■  r* 

tb  thli  sml  it  has  been  prepeeed^to  optimise  mechanical  perfor¬ 
mances  of  vehicles  within  the  given  spectra  of  terrain  conditions  by 
using  operations  research  techniques. \  bach  an  optimised  value  of 


eoil-vehiele  system  has  been  proposed^*  a  definition  of  mechanical 
mobility  within  that  system. 

<rJhe  proposed  procedure  leads  directly  to  the  establishment  of 
mathematical  models  of  mobility  within  the  given  system,  which  in  turn 


means  that  lengthy  and  costly  proving  ground  techniques  requiring  prior 
development  of  full  pledged  vehicles  may  be  substituted  with  much 
faster  and  eheaper  computing  techniques  for  mobility  evaluation  of 
vehicle  oonoepts  J»ln  mlals  naesawdl." 

This  enables  one  to  evaluate  mobilities  of  all  the  conceivable  soil- 
vehicle  systems  pertaining  to  the  given  project,  which  presently  is 
physically  impossible  because  of  cost  and  time  involved  in  building  and 
testing  experimental  models.  Thus  considerable  rationalisation  and 
economy  of  research  and  development  policies  may  be  expected  in  Land  Lo¬ 
comotion  when  using  the  proposed  method  of  mobility  definition. 

To  foster  this  approach  further  refinement  of  oresently  available 
principles  of  the  mechanics  of  land  locomotion  must  be  pursued  at  an 
accelerated  rate. 


ill 


QPERATICHAL  DEFINITIONS 
OP  MECHANICAL  MOBILITY'  OF  MOTOR  VEHICLES 

PRCBUK 

The  rroblma  la  to  provide  a  working  method  for  establishing  a 
practical  definition  of  vehicle  nobility,  particularly  in  off-the-road 
operation,  with  the  ultimate  purpose  of  using  it  as  a  quantitative 
yardstick  of  ENOimSRIHB  PROGRESS  in  VEHICLE  fESIOH  and  SOIL-VEHICLE 
8T9TEP3  EVALUATION. 

bACKDROUKD 

noth  the  vehicle  user  and  designer  look  for  wore  nobility.  While 
both  *^ree  that  nore  nobile  land  >ahi&lss  are  inperatlve  today,  they 
often  cannot  agree  vhat  nobility  neons. 

It  appears  that  the  difficulty  stems  from  a  duality  of  viewpoints 
represented  by  both  sides.  Mobility  in  the  current  military-technical 
parlianoe  embodies  not  only  engineering  but  also  tactical  values  (1,  2). 

A  rationalisation  of  such  a  concept  has  been  extremely  difficult  as  m«ny 
attempts  to  do  eo  have  demonstrated  (3,!>,»5»6,7). 

These  attempts  have  further  complicated  the  problem,  since  they 
have  stressed  the  user's  aspect  of  mobility  as  defined  by  subjective 
and  enpirical  factors  influenced  by  the  experience  of  each  writer  (4,8,9) . 
Tho  scientific  viewpoint  which  would  guide  engineering  progress  by  means 
of  the  basic  principles  of  mechanic %  or  a  general  theory  of  land  loco¬ 
motion,  appears  to  be  lagging  as  indicated  by  an  almost  complete  lack 
of  pertinent  literature. 

Without  minimising  the  necessity  of  satisfying  the  mobility  require- 


mmnts  stemming  from  practical  users  experience,  one  must  agree  that  a 
compromise  made  predominantly  for  that  purpose  does  not  eont  in  the 
seeds  of  a  complete  solution  of  the  problem*  To  the  contrary.  It  tends 
to  fraese  the  conventional  and  the  traditional  which  may  bo  clearly 
seen  In  the  current  development  trends  of  military  motor  vehicles* 

This  seems  to  indicate  thnt  an  objective  and  rigorous  definition 
of  physical  mobility  chould  be  introduced  with  the  proper  emphasis  in 
order  to  establish  a  clear-cut  engineering  aspect  of  the  problem  within 
any  broader  definition  of  tactical  mobility* 

It  is  bellevod  that  without  a  prior  definition  of  what  may  be 
called  the  narrow  concept  of  MECHANICAL  MOBILITY,  no  such  broader 
and  more  general  concept  of  TACTICAL  MOBILITY  may  ever  be  expressed  in 
a  more  satisfactory  way  than  it  is  possible  today*  In  addition,  it  appears 
quite  certain  that  purely  engineering  progress  in  vehicle  dosign  and 
evaluation  cannot  be  planned  without  a  strict  formulation  of  mobility 
concept  beaed  solely  on  t*  mechanics  of  the  eoil-vehicle  relstiochip, 

THE  SCOPE  AND  THE  NATURE  OF  THE  PROPOSED  MOBILITY  CONCEPT 

Whenever  mobility  is  defined  In  such  terms  as  a  success  against 
•purely  numerical  superiority,*  for  instanoe,  its  meaning  becomes  of 
unlimited  scope*  It  may  include  a  general  elate  <. values  pertaining 
to  tha  morale,  training  decision,  human  bshavior,  etc.,  beside*  a  quantltat- 
lve  claae  of  engineering  values  related  to  traction,  flotation,  thrust, 
fuel  economy,  maneuverability,  etc.  lb  start  wito  the  solution  of  such 
a  broad  pro’  m,  as  mentioned  before,  only  the  second  aspect  of  the 
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ganerai  mobility  concept  rh :•  . u.  ••ywi!  first.  Thus  th*»  '  '•ais’ered 
definition  of  hechanlc.-i'  Ho!-.'  ; •: v-ii\  forego  the  prowler  >  rsarvi'ining  t.o 
she  qualities  of  the  AuT  o'*  wi;  ,  ••  , 0)  ''ni  concur.?  »'G«.e  sololy  on  the 

quantities  related  to  the*  FH’rJJu.  .••>;'  ’  .  ccyctlon  Accord  .iry’.y.  the 

contemplated  definition  c.  ,«r.bV  .  J.  he  exprsf-'r .  si*  1  r  t.>.-  a 

directly  measurable  system  w."  ;  r>und,  foot,  “oui .r.d ,  r.r  in  units 

compounded  of  these  values.  It  will  bo  •  r> in  {  «s  oi*  veniole 
performance  or  in  composite  terns  of  various  performances  determined 
on  the  phyeico-geooetrlcal  background  of  terrain-vehicle  systems. 

Since  the  ooet  in  dollars  per  pound,  per  foot,  and  per  second  is  a  logical 
consequence  of  this  type  of  evaluation,  the  monetary  value  also  may  be 
Introduced. 

The  values  of  mobility,  however,  as  stated  above  would  have  only 
a  limited  degree  of  generalisation  if  tha  unavoidable  variations  of 
terrain,  particularly  in  off-the-road  operation, are  not  included. 

Since  the  choice  of  routes  and  the  influence  of  geological  and  clim¬ 
atological  factors  is  of  statistical  nature,  tha  frequency  and,  or  the 
probability  of  their  occurrence  based  on  observational  data 
■ay  consititue  another  value  needed  in  any  long  rang?  ctuoy  'r  more 
genera l  cosesament  of  mobility  and  design. 

VV.  ility  criteria  established  under  there  assumptions  will  not 
nerssrarily  aim  at  a  selective  elimination  *f  less  successful  types  of 
vehicles,  far  inet*>;oe,  until  only  "the  bent'  1  vehicle 

is  adoptei.  but  they  may  aim  at  resolving  such  *.»*-•'  ,ior.s  r*».  "how  many" 
vehioles  of  typr*  I,  type  II,  type  III, etc,  are  r.w«ded  in  ovOer  to  per- 
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form  the  given  task,  In  the  gi*en  area,  with  the  maximum  of  overfall 
efficiency,. 

Only  this  approach  may  fully  assess  the  gains  and  losses  whenever 
a  single  "universal"  type  locomotion  is  postulated.  This  procedure  can¬ 
not  now  be  fully  used  in  vehicle  evaluation  b<?canso  the  various  empirical 
indices  of  mobility  have  not  been  based  on  the  mechanics  of  soil-vehicle 
relationships  and  do  not  allow  the  construction  of  mathematical  models 
which  can  be  evaluated  quickly  on  electronic  computers* 

The  proposed  concept  of  mechanical  mobility  must  embrace  all  of 
the  necessary  kinds  of  locomotive  performances  which  leads  to  a  def¬ 
inition  of  mobility  besed  not  on  a  single  value  but  on  a  number  of  per¬ 
formance  values  such  as  speed,  thrust,  acceleration,  weight,  load, 
fuel  consumption,  range  of  action,  obstacle  crossing,  towing  power, 
buoyancy,  form,  else,  etc*  To  arrive  at  a  cumulative  value  or  values 
of  various  performances  specified  above,  the  process  of  optimisation  as 
appllsd  in  OPERATIONS  RESEARCH  will  be  used. 

The  optimisation  may  be  performed  in  an  indefinite  number  of 
ways  depending  on  the  Importance  of  factors  singled  out  when  defining 
the  emulative  values  of  mobility.  There  may  be  NO  SINGLE  VALUE  OF 
HOWL-ITT  but  an  infinite  number  of  values.  The  choice  betv*<»en  possible 
definitions  le  based  NOT  on  the  criterion  of  TRUENES3,  BUT  solely  on 
the  basis  of  USQTULNEsS  of  the  given  definition  in  the  accomplishment 
of  the  given  task. 

This  situation  it  not  ur.usual.  It  is  the  only  way  in  which  all 
the  evaluations  may  be  conducted.  For  instance,  soils  may  be  character- 
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ized  fran  geological,  pedological,  or  civil  engineering  viewpoint. 

Each  of  these  evaluations  embraces  only  those  values  which  are  useful 
in  pursuing  the  activity  within  the  given  area  and  foregoes  all  the 
others.  Accordingly,  in  this  paper,  physical  and  geometrical  soil  values 
pertaining  to  locomotion  will  be  the  only  ones  used. 

In  a  broad  cense,  the  proposed  method  of  def'ning  mobility  is  not 
new.  It  has  even  been  applied  at  a  number  of  occasions  (12).  The  main 
objective  of  this  paper,  therefore,  is  only  a  formalization  of  the  method 
in  the  light  of  the  latest  developments  in  land  locomotion  mechanics 
rather  than  a  fostering  of  a  new  line  of  approach.  Although  these  new 
developments  are  in  the  state  of  "infancy,"  it  is  hoped  that  they  con¬ 
stitute  a  radical  step  in  the  rationalization  of  progress  as  they 
attempt  to  make  it  lees  dependent  on  qualitative  "indices"  and  "factors" 
of  unspecified  dimensions. 

It  thus  may  be  stressed  that,  in  the  realm  of  physlco-gecmetrical 
relationships  between  soils  and  a  vehicle,  there  can  be  NO  3 INGLE  F'.WLr. 
for  motility.  There  is,  however,  a  possibility  of  the  eotabliwjnent 
of  a  METHOD  by  means  of  which  a  desired  definition  of  mobility  nay  be 
arrived  at  with  the  purpose  of  accompj  ishing  the  particular  task  in 
design  and  performance  evaluation. 

A  MKTVOP  OF  FORMULATING  A  DEFINITION  OK  MLCHAHICAL  MOBILITY 

In  accordance  with  the  foregoing  remarks,  the  whole  problem  may 
now  be  presented  as  follows:  To  arrive  at  a  definition  of  mechanical  mobility 
which  can  serve  as  an  evaluation  of  a  specific  aspect  of  a  problem, 
one  must  canbine  performance  values  in  a  strlct.3>  defined  way.  Arcordi  ngly, 
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the  first  atep  id  the  formulation  of  those  values,  kme  of  then,  such 
as  speed,  pay-load,  thrust,  flotation,  etc.,  were  mentioned  before. 

Other*  may  be  added  whenever  necessary.  3ir.ce  all  of  them  depend  on 
terrain  properties,  it  is  r-ecessary  to  express  them  in  terms  of  vehicle- 
terrain  relationships. 

Assume  that  there  are  a  number  of  vehicles  1,  11,  III,  etc.,  and  a 
number  of  terrains  B^,  B^,  Bj,  etc.  The  latter  are  expected  to  represent 
a  typical  cross  suction  of  the  terrain  under  consideration  and  have 
been  selected  and  defined  in  accordance  with  the  methods  of  sampling 
techniques  and  the  mechanics  of  land  locomotion  (11). 

By  using  test  data  obtained  at  the  proving  grounds  which  represent 
the  same  terrain  distribution  or  by  applying  theoretical  analysis, 
it  is  possible  to  establish  numbers  pertaining  to  each  type  of  perfor¬ 
mance.  For  instance,  one  may  find  that  vehicle  I  will  develop  speed 
(Vjjj)i,  in  terrain  Bj_,  in  terrain  B2,  etc.  Vehicle  II  will 

cruise  at  speeds  i«'g2)ll»  etc.  These  value#  may  be  tabulated 

in  what  may  be  called  the  3PF1.D  hATUlx  as  shown  below  t 


■"^terrain 

VehicTe^x^^ 

B1 

B2 

i 

*3 

I 

<VBl)l 

(»B2)l 

(vB3h 

II 

(vbMi 

(vB2)lI 

(Vajhi 

III 

IVeihn 

(VB2bll 

^VB3^III 

_ 

In  a  similar  way,  other  matrices  such  as  those  of  payload,  fuel  con- 
fumptior,  gradecbility,  flotation,  fordibility,  range  of  action,  time 
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of  maintenance,  cost,  etc.,  miy  be  established. 

AH  these  conceivable  matrices,  taken  together,  represent,  in 
accordance  with  the  main  premise  of  this  paper,  a  "parametric?  fora 
of  the  definition  of  Mechanical  Mobility.  These  matrices  may  be  optimised 
using  standard  operation  research  techniques  into  a  single  over-all 
solution. 

In  an  oversimplified  and  rather  trivial  case,  for  instanoe,  the 
following  may  illustrate  the  problem.  Assume  that  average  fuel  consumption 
of  vehicles  I,  II  and  III  in  a  specific  terrain  B  may  be  expressed  by 
nusbers  quoted  in  the  following  Fuel  £eonosiy  Matrix* 


terrain 

Vehiotbs^ 

®1 

®2 

*3 

2 

© 

10 

15 

11 

10 

_  ©  _ 

© 

III 

7 

8 

10 

Vhloh  vehicles  should  be  selected  for  an  exclusive  operation  in  the 
particular  terrain  in  order  to  minimise  the  total  fuel  consumption  in 
the  whole  area? 

Assists  that  the  distances  travelled  in  each  terrain,  B^,  B2,  and  Bj, 
remain  unchanged  between  vehicles.  Then  the  sought  optimum  will  take 
place  when  the  sum  of  particular  consumptions  is  a  mlrlmum.  Taking  the 
minima  shown JLn  circles  on  the  matrix^ it  will  be  found  that  vehicles 
I,  II  and  II  operating  in  Bj_,  B-2,  and  Bj  respectively  produce  the 
minimum  fuel  consumption  of  19  units  while  any  other  selection  of 
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vehicle  type#  would  product  a  gre*ter  fuel  cor sumption  up  to  a  maximum 
of  35  units.  Thus  in  this  particular  csss,  only  the  first  two  tyv>ss  of 
vehicles  would  bs  sslsctsd  and  tha  third  eliminated. 

As  a  further  illustration  of  the  similar  procedure  take  the  following 
matrices  of  fuel  consumption  (f),  speed  (v),  payload  (p): 

f -matrix  Y-euitrix  p-matrix 


terrain 

*1 

*2 

*3 

Bl 

h 

*3 

*1 

B2 

*3 

X 

15 

20 

23 

20 

15 

10 

2 

2 

1 

XX 

12 

15 

25 

15 

15 

IB 

3 

3 

2 

in 

6 

17 

15 

10 

17 

20 

U 

4 

3 

Aasusie  that  for  each  terrain  B^,  B2,  and  B3  only  one  of  vehicle 
types  1,  XI  and  III  trill  be  selected,  and  that  the  cargo  will  be  re¬ 
loaded  to  another  vehlole  upon  arriving  at  the  terrain  border  point. 
This  may  be  an  acceptable  and  economic  solution  if  distance*  travelled 
in  each  terrain  are  sufficiently  large  and  if  the  unloading  and  re¬ 
loading  of  the  oar  go  may  be  performed  in  a  r.uick  way  by  container  type 
pick-up  chassis  equipped  with  hoists  end  quick  acting  fasteners.  If 
the  time  lost  for  switching  from  on*  vehicle  to  another  is  neglected, 
then  the  total  of  3^  27  combinations  must  be  considered.  Assuming 

for  the  sake  of  simplicity  that  distances  travelled  in  each  terrain 
•re  equal.  It  will  be  obtained  1 


A 


h 

Br 

b3 

f 

y 

!> 

•:  • 

rp/f 

I 

i 

1 

60 

13.6 

1 

:  v: 

0,23 

I 

a» 

4 

XI 

60 

17.1* 

V 

jli.  8 

0.58 

I 

I 

III 

53 

18.  C 

* 

0.72 

I 

II 

T 

m 

55 

i 

13.8 

0.75 

: 

III 

K 

M> 

57 

i*i- 

U.J* 

*?.25 

IT 

I 

I 

57 

12,9 

l 

12.9 

0.23 

ni 

I 

I 

53 

11.2 

i 

11.2 

0.21 

ii 

II 

TJ 

5 2 

15.9 

2 

31.8 

0.61 

n 

II 

I 

52 

12.9 

1 

12.9 

0.25 

IX 

II 

III 

1*2 

16.1* 

3 

1*9.2 

1.17 

n 

I 

II 

55 

15.9 

2 

31.8 

0.58 

ii 

III 

II 

51s 

16.6 

2 

33.2 

0.61 

i 

n 

II 

<5 

17-»* 

9 

U,« 

0,63 

in 

ii 

II 

i»8 

13.5 

2 

27.0 

0.56 

in 

m 

III 

liO 

tt.b 

3 

1*3.2 

1.08 

m 

m 

I 

50 

11.6 

1 

11.6 

0.23 

in 

hi 

II 

50 

lli.O 

2 

26.0 

0.56 

iii 

X 

III 

1*3 

13.8 

2 

27.6 

0.6U 

in 

ii 

III 

38 

13.8 

3 

hl.l* 

1.09 

i 

in 

III 

1*7 

18.9 

2 

37.8 

0.80 

n 

in 

III 

Itis 

17.1 

3 

51.3 

1.16 

i 

ii 

III 

1*5 

18.0 

2 

36.0 

0.80 

n 

in 

•w 

A 

51s 

13.3 

1 

13.3 

0.25 

in 

ii 

I 

!»5 

11.3 

1 

11.3 

0.25 

m 

i 

II 

53 

13.5 

2 

27.0 

0.51 

i 

iii 

II 

57 

18.3 

2 

36.6 

0.61* 

n 

i 

in 

1*7 

T6.li 

2 

32.8 

0.70 

rp  r*pro»«nt«  ths  payload  delivery  rata  and  yp/f  la  tba  payload 
daily* ry  rata  par  quantity  of  fool  ccnstussd  which  should  bo  aaxialssd. 

la  th*  ahow*  optimisation,  it  was  assumed  that  each  yshiol*  carries 
tho  adaiaun  payload  as  restricted  by  ths  Ion  famsrabl*  terra  la  •  y*t>olo 
typo  acmhlaation.  For  instance,  payload*  (ppih*  <PB?)in*  **  (PB3>m 
aasaat  to  2,  b  and  3  r#*p*«tiw*ly.  Th*  minimum  of  2  has  boaa  sslsotsd 
accordingly  for  aa  ersr-sll  operation  and  la  shown  la  11ns  X-III-XXI, 
sadsr  ths  oolaan  p. 

It  results  from  that  example  that  th*  optimum  d*]ly*ry  of  cargo 
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per  unit  of  time  will  be  provided  by  the  combination  of  vehicles  II-III-III 
(rp  t  $1*3)  while  tha  most  economic  operation  which  will  deliver  the  maximum 
pv/f  payload  r'i''  of  fuel  burned  1*  the  combination  II-XI-III 
(t  x  pft  ■  1*17,  «  Ihe  best  speed  belong  to  the  combination  of  I-III-III 
(▼  s  lfl.9)« 

final  choice  of  "moat  mobile"  vehicle  depends  on  what  le  wore 
important  •  fuel  economy,  delivery  rate,  or  speed  of  operation.  A  com¬ 
promise  can  be  made  easily  when  using  the  summary  aatrlx  aa  previously 
discussed  nnd  assuming  operational  values  other  than  those  considered 
In  the  definition  of  nsehanleal  nobility. 

Tn  a  similar  way  the  ebsteele  crossing  ability,  for  instance,  may 
be  Included  In  the  mobility  definition  by  establishing  a  matrix  of 
maxima*  widths  of  obstacles  which  nay  be  crossed  in  the  given  terrain 
by  the  gives  vehicle.  If  to  this  matrix,  the  frequency  of  occurrence 
of  these  obstacles  or  the  probability  of  their  encountering  is  added, 
then  one  nay  ehooae  the  "ak*st  mobile"  vehicles  based  on  tbs  optinnm 
payload,  for  evenple,  delivered  per  unit  of  time  and  per  unit  of  fu^l 
eonauawd  while  considering  the  probability  that  only  the  minimum  per¬ 
centage  of  vehicles  will  never  arrive  to  the  destination  because  they 
will  be  held  up  by  too  wide  ditches,  rivers,  or  streams. 

The  examples  quoted  illustrate  that  many  criteria  may  be  chosen 
'«  ewer-tuil  definition  of  mobility.  They  also  illustrate  the 
RKlATtfl  IfSfCtTS  OF  HDEIUTT  ehieh  depend  on  the  performed  optimisation. 

In  addition,  they  demonstrate  V*at  the  meaning  of  these  merits  make 
senes  Chit  within  TKHtCUR-TKRRAIW  STSTFK  under  consideration. 
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A  still  broador  scope  ol  defining  vehicle  mobility  within  the 
terrain-vehicle  system  may  be  aeon  in  a  cion  when  the  probability  of 
occurrence  of  changes  in  terrain  conditions  due  to  the  geological  climate 
or  other  variations  are  considered.  Ljcamples  of  such  procedure  are  shown 
in  Appendix  1  in  two  examples  of  mobility  evaluation  in  which  one  case 
is  based  on  Time,  or  ipeed  Criterion,  while  the  other  pertains  to  the  Cost 
of  moving  certain  payload  under  the  assumed  terrain  conditions. 

If  the  distances  travelled  vary  and/or  are  subject  to  specific 
selections  of  routes,  other  criteria  which  may  involve  statistical  analysis 
must  be  introduced,  iiuch  criteria  have  been  admirably  described  in  a 
paper  by  it.  it.  Petersen  (13). but  are  beyond  the  3cope  of  thi3  report. 

The  discussed  cases  were  simple.  In  more  complicated  problems 
the  procedure  will  be  more  involved.  The  operations  research  approach 
must  bo  used  in  making  the  final  decision.  It  is  beyond  the  normal 
activities  of  tho  design  or  teat  engineer  as  now  commonly  assumed. 

EHPIHIJAL  AND  THEORETICAL  EJTABL'I 3HMLMT  Cl''  MATRICES  OF  PldiFURK  VNCK 
Gereral 

As  stated  before,  the  first  task  in  mobility  evaluation  is  the 
establishment  of  matrices  of  performance  within  the  assumed  soil-vehicle 
systems,  ic  this  end  two  techniques  may  be  used:  1)  all  the  pertinent 
valuos  may  be  measured  on  a  controlled  proving  ground  built  in  accordance 
with  established  sampling  techniques  .in  order  to  represent  the  given 
typical  area,  or  2)  the  values  may  be  calculated  with  a  certain  degree 
of  accuracy  from  equations  established  by  the  mechanics  of  land  locomotion. 

In  the  first  cane,  techniques  for  the  r>ee*>  i  try  measurements  are 
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available.  Seemingly  not  available,  however,  are  proving  grounds  truly 
representative  of  terrain  conditions  within  the  complete  span  of  climatic 
changes  typical  of  of  the  given  geographical  area.  Moreover,  the  existing 
proving  grounds  are  beyond  the  control  of  the  engineer  as  the  timing  of 
tests  and  atmospheric  changes  are  difficult  to  coordinate  with  research 
programs. 

This  problem  suggests  the  necesoily  for  construction  of  artificial 
courses  for  vehicle  testing  whirh  would  provide  the  necessary  rainlmun 
number  of  various  terrain  conditions  under  strict  controls}  so  any  desired 
analog  of  terrain  can  be  made  available  as  required  within  the  span  of 
critical  aurface  conditions, 

A  study  of  this  problem  currently  is  being  pursued  by  the  Land  Loco¬ 
motion  Rasaarch  Branch  of  the  Research  and  Development  Division  of  the 
Ordnance  Tank-Automotive  Command.  Tests  performed  by  means  of  "miniature 
proving  grounds"  (Figures  1  and  2)  and  artificial  "eoils"(li.}  clearly 
indicate  that  in  order  to  have  a  full  picture  of  the  vehicle  performance 
within  the  whole  spectrum  of  terrain  cho~g r,t  in  the  given  are*.  It  is 
necessary  to  reproduce  from  three  to  five  soil  conditions.  Only  when 
testing  vehicles  within  that  spectrum,  a  complete  relative  order  of  merit 
may  be  derived  and  proper  generalisation  of  tests  performed  made  possible. 
This  Is  shown  in  Figure  3  graphically.  Vehicles  1,  2,  and  3  perform  in  a 
different  way  In  different  conditions  over  the  same  terrain.  Thus  what 
may  be  the  best  in  proving  Oround  A  may  be  the  worst  in  proving  Ground  B 
or  the  same  in  proving  Oround  C.  However,  when  strictly  defining  soils 
and  their  relative  place  in  the  epectnm  of  ooil  changes,  it  is  possible 
to  obtain  a  generalised  picture  of  performance  shown  by  a  complete  curve 
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of  performances  under  the  considered  conditions.  Such  a  picture  is  not 
available  ioCay  because  of  vehicle  testing  under  unspecified  condition* 
which  cannot  be  properly  located  within  the  errrirorsent  spectrum, 

InToatigatiena  performed  indicate  that  in  order  to  reproduce  a 
terrain  and  it*  condition*  and  to  allocate  the  proper  spice  in  the  dis¬ 
cussed  spectrum,  one  must  identify  pertinent  soil  propertis*.  The  Land 
Locomotion  Research  laboratory  ha*  developed  a  soil  value  system  which  1* 
being  used  to  solve  a  great  variety  of  design  and  performance  evaluation 
problem*. 

The  develops  cot  of  thie  nystww  also  has  enabled  the  laboratory  to 
originate  a  general  Sfprotch  to  the  mechanies  of  land  locomotion  which 
has  led  te  the  establish* on t  o'  a  number  of  equations.  These  equation* 
enable  the  researcher  to  compute  performance  matrices  whesi  the  proving 
ground  data  is  not  avtilnble  (11,151  Although  the  ©quatlcna  in  question 
must  be  improved,  thv/  present  a  fair  order  of  anprcTi»*ticn  and  provide 
general  nathsmtieal  aodols  of  various  phenomena  pertaining  to  locomotion 
with  encouraging  degrees  of  insight  and 

A  Soil.  Trine  Sygt.ma 

A«  described  in  detail  in(H)and  (15lth*  land  Locowotlou  soil  v'lue 
ry stem  is  composed  of  the  following  neawnres* 

Strength  Tiluse  Pc-fornratlta  Values 

Friction  ^  •irvnse  Slipps.ro 

Cohaeion  o  Hciliitii  ty  “X^onenteiK^^Kg 

Esponsst*  n 

of  thess  value*  by  enema  of  radsttng  eoaipjiwit  (Figures  h  and  $) 
enable  me  to  derive  strictly  the  physical  characteristics  of  soil  trader 


16 


f 


Pp  Mm 

«3 1 


i|p||pi 


ps  I  S# 


any  moisture  condition  or  snow  at  any  temperature .  With  high  moisture 
contents,  the  soil  no  longer  exhibits  plastic  beharior.  Viscosity  then 
becomes  the  pertinent  mud  parameter.  Figure  6  shoes  an  example  of  the 
changes  in  soil  consistency  described  in  tens  of  ke*  kf,  n,  o  and 
ralues  by  an  addition  of  yt  moisture  content  while  Figures  7,  8  and  9 
show  typical  characteristics  of  a  snow  cover  in  Northern  Michigan  des¬ 
cribed  in  similar  terms.  Vith  these  values  it  is  possible  not  only  to 
reproduce  the  desired  soil  condition  by  using  artificial  masses (It),  but 
also  to  establish  with  a  reasonable  accuracy  any  desired  equations  which 
determine  vehicle  performance  or  design  parameters. 

Equations  of  Performance 

The  development  of  applied  mechanics  of  land  locomotion  is  in  the 
state  of  infancy.  Nevertheless,  a  number  of  equations  so  far  developed 
seam  to  indicate  unlimited  potentialities  of  this  approach  and  produce 
more  general  answers  than  empirical  methods.  Detailed  derivations  and 
bases  of  these  equations  of  vehicle  performance  have  been  shown  else¬ 
where  (11,  16,  17).  In  thie  paper  only  a  general  diacuaslon  of 
limitations  and  practical  validity  will  be  given. 

Sinkage  s  of  tracks  may  be  expressed  by  means  of  the  modified 
Bernstein  formula  assuming  a  uniform  load  distribution  and  rigid  type 
suspension. 

. _ r 
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Where,  p  is  the  "ground  pressure"  and  b  ia  tha  width  (smaller  dimension) 
of  the  loading  area.  If  vehicle  weight  W  ia  used  then 


where  /  la  the  length  (larger  dimension  of  the  loading  area).  The 
accuracy  of  this  equation  h?e  been  cheeked  repeatedly  and  is  quite 
satisfactory.  Any  error  depends  on  variation  of  soil  data  kQ,  kj,  and 
n  rather  than  on  other  factors  involved. 

To  obtain  good  correlation  between  the  experiment  and  computation, 
the  frequency  distribution  of  soil  data  over  the  measured  area  is  necessary 
and  the  eelection  of  a  mean  value  is  advisable. 


Slnkage  of  wheels.  When  considering  a  rigid  wheel,  a  fairly  accurate 
prediction  of  a  may  be  obtained  from  the  following  equation! 


z- 


<M  Vkf)0-n)W 
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This  equation  also  applies  in  a  first  approximation  to  conventional 
pneumatic  tire  a  and  to  soils  whose  bearing  capacity  p  expressed  by  the 
formula: 

pS1.3«llef0.6)'r  «/<pt  . . 


if  the  safe  ground  pressure  or  bearing  capacity,  p 
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is  smaller  than  tire  inflation  pressure  p^.  In  such  soils  even  a  low 
pressure  tire  will  behave  practically  liVe  a  rigid  wheel.  In  equation 
Ut  Nc  and  Kj-are  bearing  capacity  factor*.  Thoir  values  nuy  be  found 
for  giver,  soils  in  references  (ll>  IP),  )f  is  the  specific  weight  of  soil 
which  may  be  assumed,  in  most  cases,  ->s  equal  to  0.05  lh/cu.  in.  j  r  is 
the  radius  of  the  ground  contact  area  which  is  assumed.  In  the  case  of 
conventional  tires,  to  be  almost  circular  in  shape.  If  the  tire  is 
narrow  and  large  in  diameter,  the  contact  area  will  be  rather  elliptical 
and  the  bearing  capacity  of  3uch  an  area  should  be  expressed  by  equation! 

pm  oMc  4  0.$ybN,  . . 5 

where  b  is  the  width  (smaller  axis  of  the  ellipse)  of  the  print. 

If  p  is  greater  then  p^then  equations  1  and  2  give  a  better 
approximation  of  tire  sin Wage.  However,  utmost  caution  and  good  judg¬ 
ment  in  einkage  evaluation  is  recommended  because  Inflation  pressures 
which  are  close  to  the  bearing  capacity  of  the  ground  present  a  rather 
wide  band  and  the  expected  values  may  ’os  obtained  by  interpolation 
between  results  obtained  by  equations  1  and  2. 

More  general  and  possible  more  accurate  methods  of  sinkage  evaluation 
o.;  pneumatic  tires  are  under  the  development  by  the  Land  Locomotion 
Research  Branch,  and  it  is  hoped  that  the  unavoidable  degree  of 
arbitrariness  in  the  interpolation  will  be  soon  eliminated. 

Sink.ige  of  flat  uniformly  loaded  footing  resting  on  a  thin  layer 
of  plastic  soil  supported  by  a  firm  stratum  may  be  evaluated  from 
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ecuition: 


.A 


2  rf  . 6 

where  >/  is  the  shearing  strength  of  th«  layer  equal  to  cohesion  e, 
end  h  is  the  compressed  thickness  of  the  layer  which  will  support  load 
W  resting  on  a  strip  b  Inches  wide  and  J&  Inches  long. 

The  slnkage  of  a  wheel  or  track  reruires  work  for  soil  compaction. 
This  work  results  in  a  so  called  completion  resistance  whioh  is  one  por¬ 
tion  of  the  (general  resistance  in  motion. 

Com  ration  Resistance  of  a  flat,  rigid,  and  uniformly  loaded 
grou’id  contact  area  of  a  trick  or  low-pressure  pneumatic  tire  may  be 
at proKlmately  expressed  by: 


Rc  s 


(  *  )  U  * 


(a  +  1)  (kort  bl^) 

Compaction  resistance  of  a  rigid  w*. ’**1  is  expressed  by  formula: 


l)/n 

•  »  .  .  * .  *7 
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(n.lXkj.bty)  < 
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(2n  42)/(2.,a) 
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For  mourn* tie  tires  applied  to  the  bordering  conditions  of  p  approximately 
eoual  to  ,  resistances  must  be  evaluated  in  accordance  with  previous 
remarks  related  to  einknre. 

In  addition  to  compaction  resistance  which  is  in  most  eases  the  main 
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portion  of  total  notion  resistance,  the  bulldozing  resistance  may  also 
be  considered.  The  present  equation,  based  on  passive  earth  pressure. 
Is  not  quite  satisfactory  ae  it  contains  a  number  of  over-simplifying 
assumptions  (11).  This  is  particularly  true  with  reference  to  the  rigid 
wheel  or  pneumatic  tire*  However,  for  th»  sake  of  comparison,  the 
following  equation  may  bo  used  in  an  estimate  of  bulldozing  resistance > 

r  IA”1  +  *  't*(9Q-  <0  . 

“b  2  sin  <K  oos  /  r*®*0  T  r  51,0  + 

olft2  +  ot2  tan  (1*5  ♦  ^) 

where 

V  0»o  -  tan  /)  °°a2  ^ 

Kf  l  fiaTT  *  ^  00,2  ^ 

•  i 

M  is  the  "angle  of  approach"  of  the  track  or  wheel  and  t  may  be 
determined  front 


t  Z  •  tan2  (1*5  4  . 

The  "angle  of  approach"  of  a  wheel  or  tire  ie  normally  assumed  as  the 
angle  of  slope  of  a  line  connecting  the  lowest  eunken  point  of  wheel 
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circtuJ>rence  with  the  joint  made  by  the  intersection  of  the  wheel 
circumference  with  the  ground  surface.  i  is  the  sinkage  evaluated  by 
means  of  equations  3  or  4. 

Although  the  He  and  K(  values  is  defined  above  may  not  express  all 
the  resistance  encountered  (11)  experience  so  far  gained  indicated  that 
they  offer  a  fair  picture  of  vehicle  capability.  *\s  this  picture  appears 
to  be  more  rational  end  comprehensive  than  the  empirical  indices  pre¬ 
viously  tried,  it  h»s  been  often  used  in  vehicle  evaluation. 

Drag  Kp  of  wheels  and  tracks  operating  in  a  half  fluid  mud  resting 
on  a  hard  bottom  can  be  determined  from  equation: 


»d  L  '<*  . ^ 

where  Cj  ie  drag  coefficient,  ^density  of  mud,  ▼  speed  and  A  the 
wetted  irea  (19). 

The  maximum  net  thrust  available  In  the  ground  is  express*;1  by 
Coulomb's  equation  containing  a  correction  for  the  action  of  spuds  or 
tread i 


■  blo(l  4  3g)f  If  ten  4  jl  ♦0.6U^)oot-^h  jj  j.  .  .  13 

where,  ea  above,  b  Is  the  smaller  and  JL  is  the  larger  dimension  of  the 
ground  contact  area  assumed,  in  e  first  approximation,  as  a  rectangle, 
h  is  the  height  of  the  spud  or  tread,  and  W  is  the  load  resting  upon  the 
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area  under  consideration. 

This  equation  le  quite  accurate!  numerous  field  and  laboratory 
teste  have  shown  that  it  tends  to  give  values  approximately  5£*»10£  lover 
than  those  measured*  The  above  is  explained  by  the  lack  of  correction 
for  grouser  spacing  which  might  complicate  equation  13  beyond  the 
range  of  its  usefulness. 

Fquation  13  applies  to  both  tracks  and  wheels  The  values  thus 
obtained  determine  only  maximum  thrust  available  in  the  ground  under 
assumed  conditions  at  an  optimum  slippage.  To  obtain  thrust  at  any  de¬ 
sired  slippage  which  may  occur  in  vehicle  operation,  enovher  formula 
is  reeded  within  the  desired  order  of  approxln».tito(ll)  { 


H.  *>(0  »  P  tan  A 
K1  *0  T*  ax 


#(-K24\/^  >T)  Kxlpi/  ml 
- 12  1 


#(-  1C2  -  Vk22  «■  1~?  Kj  IqX  ^ 
-  k2  -  v^k2z  -  i 


where  Kj  and  K2  are  slippage  parameter;  ^  is  slippage  in  Jf  .1^.  is 
the  maximum  of  the  function: 


y  ;  e<  -  h  W*24  -V)  Kx  Iq  l  _  ,(-  K*  >  Kl  io 

and  p  is  the  "ground  pressure"  which  is  assumed  to  be  uniformly  dis¬ 
tributed.  However,  a  graphical  method  developed  by  Weis3  (20)  enables 
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one  to  datemlne  Hut  function  of  slippage  /ovhlch  My  be  used  for 
uniform  or  non-uniform  load  distribution. 

Tests  performed  In  snov  with  the  purpose  of  predicting  drawbar  pull 
Tarsus  slip  of  a  number  of  vehicles  have  shown  quite  satisfactory  results 
at  low  sinkages  (20).  For  high  sinkage,  the  Orawbar  pull.  DP,  may  be  deter¬ 
mined  if  from  H-values,  equations  13,  UU,  the  motion  r**l*t»nce,  R, 
equations  7»  6,  9,  is  subtracted » 


EP  «  H  -  (R<,  ♦  Rfe) . 15 

Thus  the  "coefficient  of  traction.11  DP  A*,  corresponding  in  concept  to 
the  drag/ll ft  ratio,  generally  accepted  as  one  of  the  broadest  exponents 
of  vehicular  performance,  may  be  expressed  in  the  following  formi 


V  _ 

'  2f>  sin-<  eos  4 


. 16 

In  equation  16,  the  Rfe  value  of  equation  9  has  been  introduced 
without  its  last  three  members  as  the  error  thus  allowed  appears  to  be 
smaller  than  the  over-all  accuracy  of  the  proposed  solution.  That 
solution  compares  fairly  well  with  results  obtained  experimentally  for 
tracks.  In  the  ease  of  wheels,  it  is  definitely  lees  accurate  on  account 
of  the  ph-nomena  discussed  in  conn* ct ion  with  equations  1,  3#  U,  7,  and  8. 
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The  change  in  performance  of  a  wheel  following  the  rut  of  the  proceeding 
wheel  also  has  not  been  considered.  Utmost  care  must  be  giren  to  the 
evaluation  of  soil  bearing  capacity  in  order  to  determine  whether  a 
tire  behaves  like  a  "track"  or  a  rigid  wheel. 

Topical  curve  of  DP/W  for  various  single  tires  and  three  types  of 
soil  consistencies  illustrated  by  photographs  located  close  to  the 
corresponding  k  -'(kc/b  ♦  kj)  values  is  shown  in  Figure  10.  Curve  for 
two  complete  vehicles  is  shown  in  Figure  11.  Press  graphs  of  this  type, 
any  DP/W  performance  figure  may  be  correlated  with  the  given  terrain 
in  a  DP/W  matrix. 

.Similar  curves  may  be  computed  for  the  whole  vehicle,  if  the  loads 
W  acting  upon  driven  and  driving  axles  are  known.  Idling  wheels  will 
then  produce  only  resistance  (RtA)  while  the  propelling  wheel*  will 
supply  net  thrust  (DP/W)<j  -  [(H  -  R)/w]  4,  Hence  the  total  DP/W  value 

will  bet 


The  main  problem  in  such  computations  is  to  Ir.ow  the  k£,kjf  and  n'  values 
WHICH  EXIdT  IK  THE  RUT  MADE  BT  front  wheels  or  tracks  after  they  cross 
a  virgin  ground  characterised  by  kc,  k/,  and  n  values.  Changes  in  soil 
taking  place  under  such  circumstances  are  being  investigated  by  the 
Land  Locomotion  Research  Branch,  OTAC.  However,  it  has  been  found  that 
for  the  purpose  of  pure  comparison,  an  assumption  of  all  the  wheels 
crossing  the  urde formed  soil  also  produces  quite  reliable  results. 
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a*8  TRUCK  UK£R  VARYING  SC3L 


&>*«d  watrir  nay  b«  sstabliabsd  If  ths  notion  rsalstanc#  of  ths  given 
terrain  i*  kream  ft  os  sqmtuons  7,  8,  and  9*  Assuming  that  sngin#  power 
is  trsasslMlen  1o«p*s  /)  ,  ths  *axl®wi  speed  dsrslopsd  will  be* 


If  max  ■ 


-J2A_ 

a 
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P^wor,  if  spssd  la  dst««ir.*d  by  ths  throttling  of  ths  engine  vith 
ths  pwpoe#  of  avoiding  serooei&vs  vibrations  me?  *  rough  terrain  and  not 
by  tbs  swsten  of  iseintaneo,  then  tbs  dsterninatioc  of  such  opeeda  irast 
bs  performed  fa  accoartfw&o©  with  o.thodwt  aotosrtivs  afr*£in*»rlng  proceed- 
«jn»9  dee-vibed  i»  i'afersnes  11  cr  through  tbs  siwilaiitm  of  vehicle 
ribrsti  «*,«  by  Bssn*  of  an  analog  ce-rnrtrr  amming  csrtsla  criteria  of 
rlo*  to  this  sndf  ths  gscsstry  of  ths  gro;-  d  surface  and 

it«  m*srgj  apeairtsi  (21^ swat  bv  knrem.  Ths  Load  Loccstotion  Research 
laboratory  is  areeesd  in  a  etndy  of  thin  problem  (22). Typical  graphs 
relating  niton  and  byroc-a  crpUteds  end  speed  to  ths  p*i-tict>l*r  terrain 
*»»▼#*  is  firm  in  Fig  eras  IS  ar.d  13  ss  cowpnted  in  deference  22*  Open 
determining  tbs  #pesd-r«*isi*ece  Mh*.T,  a  fuel  eousrurptlon  uatrlx  ».ey 
bs  established  for  tbs  given.  terrain  following  wall  sstebliahed 
proceadures  described  ti*  reference  11.  Knowing  ths  distances  and  tank 
capacity,  tbs  rengo  of  act  loo  witrir.  also  way  bs  automatically  defined. 

Tbs  question  of  obstacle  perfornanco  doss  nrt  present  difficulty 
ones  tbs  geometry  of  obstacles  it  known  and  their  diatribe! ion  aarased 
(11,23'.  8*fis£‘ ticca  ati!  paastbility  of  penetrable  obstacle*  ars  eiraally 
anc pressed  In  teres  of  dissert  ons  part*! ring  to  obstacle  geometry.  It 
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VEHICLE  SPEED— (MEN) 


may  be  mentioned  that  negotiable  slot-*  matrix  is  given  by  DP/1..'  mutric 
which  in  principle  expresses  the  tangents  cf  slopes  accessible  to  the 
vehicle.  Impenetrable  obstacles  which  will  affect  average  speeds  be¬ 
cause  of  the  necessity  of  by-passing  them  have  been  discussed  in  ref¬ 
erence  24. 

The  discussed  method  of  performance  evaluation  is  b  iced  on  the 
knowledge  of  phyaico-ge metrical  terrain  properties  and  enables  one  to 
determine  any  type  of .composite  performance f  for  instance^fuel  consumption 
per  ton  mile,  momentum  of  load  x  speed  (cargo  delivery  rate),  actual 
fuel  consumption  in  no-refueling  area  when  fuel  hae  to  be  carried  in 
a  convoy,  cost  per  ton  mile,  etc.,  as  was  demonstrated  before* 

Samples  of  this  type  of  evaluations  are  given  in  Appendix  1,  in  a 
general  form,  and  in  specific  numerical  examples.  Arpenuix  II  gives 
an  example  of  another  operational  evaluation  of  mobility  of  a  hypo¬ 
thetical  family  of  rigid  wheels  with  a  number  of  parameters  changing 
within  wide  limits  in  various  soi1  conditions  ranging  from  very  3tr?nj 
to  very  loose. 

It  is  apparent  that  this  type  of  mobility  evaluation  requires 
enormous  am  cunts  of  computations.  To  this  end,  electronic  computers 
are  of  Irreplaceable  value  because  even  in  the  dases  of  most  complex 
terrain  characteristics,  value  matrices  may  be  programmed  with  relative 
ease  and  may  be  obtained  quickly  while  changing  Weather  parameters, 
for  instance  (which  is  immediately  fed  into  computers  by  appropriate 
c.  ko,  k^,  n,  Xp  X2  values).  Similar  charges  in  vehicle  la.Us  or 
geometry  may  be  Introduced. 
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Testa  performed  by  the  Lend  Locomotion  Research  Branch  with  the 
assi stance  of  the  Computer  flection  of  the  Ordnance  Tank-iutcnotive 
Command  encourages  one  to  hope  that  upon  further  developing  the  land 
locomotion  mechanics  and  exploring  the  world  soil*  much  testing  and 
experimentation  with  full  site  vehicles  will  be  eliminated.  Savings 
in  time  and  money  would  be  enormous.  Faster,  cheaper  and  more  flexible 
"proving  grounds"  programmed  in  a  high  speed  computer  may  definitely 
replaoe  the  present  test  tracks  to  a  large  extent. 

This  is  one  of  the  great  potentialities  of  the  proposed  method* 

The  simulation  of  environmental  and  vehicle  conditions  eleotronloally 
has  been  used  extensively  in  aeronautical  and  naval  engineering.  It 
appears  only  a  matter  of  time  that  the  eane  wfll  be  used  in  land  looo- 
motlon.  To  this  end,  however,  more  rapid  progress  in  s  systematic 
atu4f  of  the  mechanics  of  soli- vehicle  relationship  la  needed. 

0CHCLDS10W3 

1.  Mechanical  Mobility  of  a  motor  vehicle  may  be  defined  aa  a 
product  of  the  operational  optimisation  of  performance  values  within 
the  physloo-geometrlcal  content  of  the  soil-vehicle  system. 

2.  Such  sn  optimisation  can  be  conducted  in  a  number  of  ways 
depending  on  the  type  of  answers  sought. 

3.  There  is  no  single  true  definition  of  mobility  but  an  Infinite 
number  of  useful  definitions. 

lu  A  single  method  for  the  determination  of  tuoh  definitions  can  be 
established  and  must  be  adopted  in  order  to  elimate  the  present  ambiguit¬ 
ies  in  mobility  and  daeign  evaluation. 


5.  Th*  usefulness  of  that  method  Is  warranted  by  the  established 
principles  of  applied  mechanics  and  operations  research  techniques. 

6.  The  method  is  based  on  soil  ralues  measurable  in  physico- 
gecmetrieal  terms,  and  on  vehicle  performance  matrices. 

7*  When  determining  the  matrices  of  nerforaance  on  the  proving 
grounds,  the  latter  must  be  modernised  and  adapted  to  the  new  requirements. 

6.  When  using  theoretical  methods  and  mathematical  models  as 
illustrated  in  this  study,  there  is  no  end  to  the  possible  improvement 
of  the  generality  and  accuracy  of  procedures  discussed. 

9.  This  In  reoult  demands  a  continuous  development  of  the 
mechanics  of  land  locomotion. 

10.  The  full  development  of  this  mechanics  based  on  experimentally 
verified  facts  will  lead  ultimately  to  the  more  extensive  determination 
of  vehicle  mobility  by  means  of  electronic  computers. 

11.  This  will  bring  enormous  savings  by  limiting  the  full  size 
proving  ground  testing  and/or  by  eliminating  the  absolute  necessity  of 
having  the  "hardware"  manufactured  before  it*  preliminary  value  can  b» 
assessed. 

12.  Thus  the  discussed  concept  of  mobility  will  make  possible  the 
economic  study  of  new  unusual  ideas  whose  development  today  cannot  be 
authorized  because  of  unproven  merits  which  could  be  hitherto  discovered 
only  by  costly  experiments. 

13.  The  method  illustrated  here  also  enables  one  to  study  whole 
families  of  concepts  before  any  particular  idea  is  singled  out  for 
development . 


✓ 
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1.  It  Is  rtccmnended  that  the  development  of  land  locomotion 
mechanics  and  the  introduction  of  operations  research  techniques  at 

the  design  evaluation  level  be  hastened.  In  particular  it  is  recommended 
that: 

2.  A  single  soil-value  system  bised  on  stress-strain  measurements 
in  slippage  and  sinkAge  be  adopted  without  delay. 

3.  Terrain  measurements  and  soil  cataloging  based  on  these 
measurements  be  started  immediately,  and 

U •  New  concepts  be  first  evaluated  theoretically  by  using  the 
proposed  mobility  definitions  before  development  programs  are  established. 
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GENERAL 

In  deciding  which  type  of  vehicle  is  brst  in  transporting  %  rayload 
W,  from  a  number  of  available  type-*,  it  is  r.eces3iry  to  know  the  cri¬ 
terion  on  which  best  is  based.  In  one  instance  soeed  may  be  the  cri¬ 
terion.  i.e;f  the  best  vehicle  is  the  one  that  will  transport  the  pay- 
load  W,  from  its  present  location  Oj  to  a  new  location  Oj,  in  the 
least  amount  of  time.  In  other  instances  conservation  of  fuol  or  cost 
may  be  the  criterion.  In  still  others  the  certainty  that  all  of  the 
payload  will  arrive  intact  may  be  the  criterion,  i.e,,  the  vehicle 
that  offers  the  greatest  chance  for  survival  of  the  trio  would  be  best. 
Almost  any  standard  may  be  the  b *sis  for  deciding  which  tyne  of  vehicle 
is  best. 

The  abilities  of  the  different  types  of  vehicles,  relative  to  any 
criterion,  vary  with  the  terrain  ano’  the  trpfficability  of  the  soil 
encountered.  In  the  following  discussion  we  will  assume  that  the 
trafficability  varies  primarily  with  weather  conditions.  And  it  is 
therefore  poss.lble  to  determine  the  best  vehicle  to  use  in  trans¬ 
porting  a  given  load  over  a  designated  distance,  if  we  know  the  per¬ 
formance  values  of  the  available  vehicles  for  the  various  terrains 
and  weither  conditions  that  are  found  in  the  area. 

The  following  notation  will  be  used  throughout  the  discussion: 


D 

V 


J 


*J 

fJ 

Wi 

A 

Blk 


•i  • 
plk  « 

7ikj* 

*11^* 

Hj  1 
"lkj' 

Hkj* 

*ikj* 

«j<*>« 
*lk  • 

*J  * 

s  * 

«r 

«j  I 


The  distance  to  b«  traveled  between  locations  0^  and  C2. 

The  weight  of  the  payload  to  ve  transported. 

The  jth  type  of  vehicle,  J  ■  1,  .  .  .  .  ,  M 

The  jrth  vehicle  of  type  j,  y  ■  1 

The  original  cost  of  the  jth  vehicle. 

The  cost  per  gallon  of  fuel  for  the  jth  vehicle. 

The  weight  per  gallon  of  fuel  for  the  jth  vehicle. 

The  total  aroa  of  terrain  to  be  covered. 

The  1th  terrain  under  climatic  conditions  k, 

1  *  1  .  •  •  ,N  and  k  a  1  •  •  . ,K» 

The  area  of  the  1th  terrain. 

The  probability  of  finding  the  kth  climatic  condition  In  the 
1th  terrain. 

The  speed  of  the  jth  vehicle  In  land  condition  ik. 

The  range  of  the  jth  vehicle  in  land  condition  ik. 

The  gasoline  tank  capacity  of  the  jth  vehicle. 

The  payload  of  the  jth  vehicle  in  land  condition  lk. 

The  life  expectancy  of  the  jth  vehicle  in  land  condition  ik. 

The  mile*  par  gallon  of  fuel  of  the  jth  vehicle  in  land  con¬ 
dition  ik. 

The  malntalnence  ooat  function  aa  a  function  of  hours  traveled. 

The  nm  er  of  hours  traveled  in  land  condition  lk. 

The  total  number  of  hours  running  time  for  the  jth  vehicle. 

The  a*e  of  vehicle  jj  in  running  tine  at  the  location  0^. 

The  maintain* nee  time  required  per  100  hours  running  time  for 
the  jth  vehicle. 

The  time  required  for  a  major  overhaul  of  the  jth  vehicle. 
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I  The  time  required  for  refueling  the  jth  vehicle. 

i  Th*  nun'-er  of  refueling  stops  required  for  the  jth  vehicle  to 
traverse  the  distance  D. 

i  The  veight  of  the  required  extra  fuel  per  vehicle  to  be  carried  by 
the  jth  vehicle. 

I  The  number  of  miles  of  land  condition  ik  encountered. 

t  The  total  mmher  of  gallons  of  fuel  required  for  the  jth  vehicle 
to  traverse  the  distance  D 

t  The  total  fuel  cost  for  the  jth  vehicle. 

i  The  cost  per  vehicle  to  move  the  jth  vehicle  from  location 
°1  °2* 

I  The  number  of  vehicles  of  type  j  required  to  transport  the  payload 

w* 

t  The  cost  to  transport  the  payload  V  over  the  distance  D  by 
the  jth  vehicle. 

t  The  delivery  time  for  the  jth  vehicle. 

The  following  performance  data  la  given t 
Distance  to  be  traveled*  D 
Veight  to  be  transported*  W 
Original  Coat*  ej 
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Mil**  p*r  Oil Ion:  «lkj 


Conditio 


Kalntalnenc*  Ti*e  p*r  100  flour*  of  Running  Tinet  q j 


let  tin*  flrat  b*  uaed  ••  a  criterion  for  ehooalng  tKs  noat  "nobll* 


vehicle.  It  Is  aaauned  that  th*r*  If  an  unllalt*4  nuaber  of  vehicle*  of 
oach  type. 

The  tin*  required  to  tmrera*  th*  distance  P,  between  location!  Oj  and 
0^  orar  th*  arsa  lt  la  dependent  upon: 

(1)  th*  running  tine, 

(?)  the  refueling  tine,  and 

(3)  the  nalntalnenoe  tine. 

The  key  to  deciding  which  vehicle  la  beat  la  the  mmber  of  nil**  of 
each  land  condition  dJk  encountered  In  th*  dlatanc*  S  between  location* 

0^  and  O2  • 


One*  the a*  dlataneea  djjt  are  obtained,  th*  tine  fellow*  directly  fro* 
then. 

(1)  the-  ranting  tie*  Xj  la  found  by  dividing  th*  dlatanc*  te  be  traveled 
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la  etch  terrain  d1Jt  by  the  nuaber  of  alios  par  hour  Tlkj  averaged  by  tho 
Jth  eehiele  la  that  land  condition. 

t.w,  •  ®  *1  plk  1  •  hours 

irj 


This  glues  tho  ausber  of  hours  of  runafng  tins  z^j  required  to  csarerse 
osch  typo  of  land  condition,  The  smawtlon  of  all  aach  land  conditions 


flues  tho  total  rmainf  tin: 

I  K 


X.  required  to  t»sueree  tho  distanco  D. 

J  I  < 

r~  r  D  “!  plk  -  hours 


(?)  To  find  tho  refuellnf  tins  divide  tho  distance  to  bo 


treueled  in  each  load  condition  dJk  by  tho  range  la  each  terrain 


This  glues  the  amber  of  tonka  o?  fuel  contused  la  oerh  tentli.  Tho 
a  venation  of  all  such  land  conditions  flues  the  n  ember  of  tanks  of  fuel 
It  1  necessary  to  tra verve  the  distance  S. 


Since  the  vehicle  starts  fron  tho  location  0^  with  tho  faaotlno  tank 
filled,  the  nuabor  of  rofoellnf  stops  la  V.  Therefore  the  tsfaellnf 
ties  le 
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Where 


ia  the  tlma  required  for  each  refueling  of  ♦he  Jth  vehicle. 


(3)  To  find  the  maintainence  tine,  divide  the  maintence  time  per 


100  houra  of  running  tine  qj  by  100  hours,  ana  multiply  the  result  hy 
the  numl'er  of  houra  Xj  required  to  traverse  the  distance  D. 


~n&-  ‘  :iS&-  TV  D  *i  pi*  =  h°ur’-1 

fci  foi  » vtkJ 


The  sum  of  the  preceding  three  amounts  of  time  gives  the  total  time 
Tj  required  to  transport  the  payload  W  between  the  location  Oj^  and  02 
by  Means  of  the  Jth  type  vehicle. 


*  <v  < 


-1 


)  t 


Or  by  combining  the  first  and  the  last  tern  we  get  i 


The  minimum  of  the  Tj  for  $  •  •  •  *  M,  gives  the  best  type 

of  vehicle  to  use  in  transporting  the  payload  W  a  distance  D,  through 

the  area  k. 


HUulllTY  ACCORDING  TO  CoST  CRITERION 
There  are  three  major  costs  involved  lu  operating  a  vehicle i 

(1)  The  cost  of  the  fuel* 

(2)  The  depreciation  coat,  and 

(3)  The  maintenance  cost* 

As  in  the  case  where  speed  was  the  criterion,  the  distances  d^ 

-a  Dai  Pik 

j. 

encountered  in  each  land  condition  between  0^  and  02  ,  are  the  basis 
for  calculating  the  oost. 

(1)  The  fuel  cost  per  vehicle  is  found  by  dividing  the  distance 
to  be  traveled  in  each  terrain  d^^  by  the  number  of  miles  per  gallon 
attained  by  the  Jth  vehicle  in  that  terrain. 

0  >1  plk  .  _ 1_  -  gallons 

*  "ikj 

This  gives  the  number  of  gallons  of  fusl  required  to  traverse  each  type 
of  land  '--in  lltion.  The  summation  of  all  such  land  conditions  gives  the 
total  number  of  gallons  Oj  required  to  traverse  the  distance  D  between 
locations  Oj  and  Og. 


gallons 


Where  fj  is  the  co;,t  of  Lhc  fuel  per  gallon, 

(2)  To  find  the  depreciation  cost  per  vehicle,  divide  the 
distance  to  be  traversed  in  each  terrain  by  the  life  expect¬ 

ancy  Lpkj  of  the  vehicle. 


D  H  Pik  . _ 1 

T  LlkJ 


Life  expectancies 


This  gives  the  fraction  of  the  vehicle  life  required  to  traverse 
each  type  of  land  conditions.  The  summation  of  all  such  land  con¬ 
ditions  gives  the  total  fraction  of  the  vehicle  life  expectancy 
required  to  traverse  the  designated  distance  D. 


i=l  k=l 


al  Pjk  =  Total  fraction  of  the  life  expectancy 


Then  the  coat  due  to  depreciation  is 
N  K 

<•«)  v  r  d».  o.. 


y  y  y  °  *i  ptk  =  *• 

i-1  k=l  hkj 


Where  ej  is  the  original  cost  of  the  Jth  vehicle. 

(3)  To  find  the  mints  lnence  cost,  it  is  necessary  first  to 
find  the  rur.nl  .{•  time  required  to  cross  the  distance  D. 

The  division  of  the  distance  to  be  traveled  in  e-cch  land  condition 


^ik  the  number  of  miloj  }>er  hour  averaged  by  the  jth  vehicle 

in  tnat  land  condition,  gives  the  number  of  hours  of  running  timo 
xikJ  re(lut***d  to  traverse  each  t.  pe  of  land  condition. 


D  it  plk 


s  hours 


The  sufmation  of  all  such  land  conditions  gives  the  total  running 
time  Xj  required  to  traverse  the  distance  D. 

=  t  E>  - 1  t 


i-l  k-l 


i»l  k*l 


Now  let  us  assume  that  the  ages  X  ,  y  ■  1,  .  .  .  , 

,  °y 

in  running  time  at  location  0^  of  the  type  J  vehicles  are  evenly 
distributed  between  0  hours  and  lj  -  Xj  hours. ^  Where  is 

the  life  expectancy  of  the  Jth  type  vehicle.  (We  want  to  exclude  ar.y 
vehicle  th\t  will  reach  an  age  equal  to  Its  Ilfs  expectancy  during  the 
trip.  i.e.  Xft  4*  Xj  should  be  leas  than  Lj  for  a?l  Vehi.ci*.*,) 
Then  the  average  maintainence  cost  per  hour  of  running  time  is 


*  <LJ> 


’.’here  g(Lj)  ia  the  cost  of  maintaining  a  vehicle  for  ite  entire  life 
expectancy.  The  maintainence  cost,  then  ia  Just  the  average  cost  per 
hour 
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times  the  number  of  hours  Xj  reuuirol  to  traverse  the  distance  D. 


8(L,i)  (X^)  =  £  CLj) 

LJ  LJ 


The  sura  of  the  preceding  three  costs  rives  the  total  cost  Cj 
of  moving  one  of  the  type  J  vehicles  from  locution  0^  to  location 

°2* 


J  ie  the  number  of  vehicles  of  type  j  required  to  transport  the 
payload  W, 


J  a  _ W_ 

sir  W-  -  Wf 
1 


Where  rain  i«  the  payload  that  the  Jth  vehicle  can  carry  in  the  most 

restricted  land  condition.  And  Wf  is  the  weight  of  the  extra  fuel  that 

J 

each  vehicle  of  the  Jth  type  must  carry. 


Wfj  =  CO 

Where  Gj  is  the  number  of  gallons  needed  to  traverse  the  distance  D, 
Hj  is  the. fuel  tank  capacity,  and  GO  is  the  weight  of  the  fuel  per 


gallon. 


'Ih'trt  fore  tin*  il  >t  7-J  <  of  tr.ovlt.fr  i  i  ayload  V.  a  distance 
I»,  b**t.v  ^r  loc  t  lens  1*  the  -oat.  of  moving  one  vehicle 

fr</»  0j_  to  i/o  time  j  th**  ru:r'..>  r  of  vehicles  J  needed  to  carry  the 
payload  W, 


D  *1  Plk 
^  Likj 


+ 


1  ai  pik  )/ _ w 

A  /(  min  *i  -  wfj 


The  minimum  of  the  TCj  for  J  z  1,  .  .  .  ,  M,  gives  the  best 
type  of  vehicle  to  use  in  transporting  the  payload  W  a  distance  D, 
through  the  area  A, 


SL L 


1,  In  general  this  expression  for  the  malntainence  time  will  hold 
only  for  Journeys  with  running  tine  Xj  less  than  100  hours.  For 
jfunning  tines  greater  than  100  hours,  we  must  add  a  term  that  allows  for 
a  major  overhauling  of  *hch  vehicle  every  100  hours.  Therefore  for 
Xj  greater  than  100  hours,  the  malntainence  time  is 

_ .  JLl  =  houri* 

~Ioo~  *  "X J ^  KX)  1 


Where  Qj  is  the  time  needed  for  a  major  overhauling  of  the  vehicle. 
By  combining  terms  we  get  the  malntainence  time  to  be 
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itfUtaiL 


7.  To  be  completely  correct  here.  It  would  be  r.aceus^ry  to  eo»* 
pute  the  snintainence  cost  for  each  vehicle  yj  end  then  to  take  the 
sura  of  all  vehicles. 


If  Xe^  la  the  age  of  vehicle  yj  in  running  tise  at  location 
Oxi  then  the  aalntalnence  cost  for  y^  is 


«(X0  *  X.)  -  «(Xo  >  -  | 

J  •  x 

The  maaeation  of  all  the  individual  eoets  gives  the  total  saints  tnanoa 
cost  associated  with  orossing  the  distanee  D, 


(  «(*07+  Xj)  -  iU0j.)  )  .  » 


Where  J  is  the  mafcer*  of  vehicles  of  type  J  required  to  transport 
the  payload  W, 


It  is  felt  that  in  sost  eases  the  ages  XQ^  of  the  vehicles  will 
closely  approximate  an  even  distribution  between  0  hours  and 
Lj  -  Xj  hours.  The  assumption  is  made  to  facilitate  computation. 
And  beoause  In  sany  Instances  the  Individual  vehicle  historian  may  not 
be  available. 


If  the  ages  of  the  vehicles  are  known  approximately,  appropriate 
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modifications  can  be  mad*.  Consider  the  cans  where  all  the  vehicles 
of  type  J  are  new,  i.e. 

^0^  “  0  X  •  if  •  •  t  |  ^ 

then  the  average  coet  per  h«ir  of  running  time  w. 


Proa  this  point  on  the  procedu.  '  Is  the  sane  as  in  o’r  original 
assumption. 
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Kl'KEtICU.  rJlAKFLcii 


To  illustrate  the  procedure,  let  us  consider  a  hypothetical  case. 
Let  the  objective  be  the  moving  of  a  fay load,  weighing  96,000  pounds, 
from  It. s  present  location  0^  to  a  new  location  Qj  500  miles  away. 

Let  the  area  covered  be  a  strip  ten  miles  wide  from  0^  to  0^.  And 
suppose  that  there  are  four  types  of  terrain  encountered  in  the  area; 

Bj,  a  hard  smooth  surface  with  fair  drainage, 
a  eoft  smooth  eurface  with  fair  drainage, 

B-j,  a  hard  tnodium  rough  surface  with  good  drainage, 
and  a  hard  rough  eurface  with  good  drainage. 

The  percentage,  of  the  total  area,  in  e  ich  of  the  four  terrains 
encountered  Is  based  on  traffic ability  maps  prepared  in  advance.  For  the 
sake  of  tho  Illustration,  we  will  assume  that,  each  type  of  terrain  has 
three  degreee  of  traff icability  which  vary  with  the  moisture  content. 

And  the  moisture  content  probabilities  are  rough  estlm. -.tes  based  or.  the 
number  of  wet  and  dry  months  in  a  year. 

We  will  also  assume  that  we  have  two  types  of  ehiolee  from  whiwh 
to  ohoose;  one  of  them  a  tracked  vehicle  and  the  ether  one  a  wheeled 
vehicle.  The  performance  data  for  the-o  fictitious  vehicles  are  loosely 
patterned  a#t«r  a  Cargo  Vehicle  M  76,  tracked  vehicle,  .ar.d  a  2  1/2  ton 
cargo  truck. 

First  let  us  determine  which  of  these  will  require  the  least  a- 
mount  of  time  *o  trans  ort  the  peloid  from  location  C.  to  U0.  And 
second  determine  which  will  cost  the  lei*t  to  transport  the  payload 


6? 


from  0^  to  O2* 

In  the  following  data  we  will  denote  the  tracked  vehicle  by  I 
end  the  wheeled  vehicle  by  II# 

The  following  performance  date  ie  given 1 
Original  ooeti  ej 


Vehicle 

I 

n 

Coet 

*U,ooo 

Fual  par  gallon*  j 


Vahiola 

I 

- - - - 1 

U 

Waif hi 

5.3  lb 

5.3  lb 

Pareanta<a#  of  tha  total  »r«,  In  oaeh  typa  of  tarralm 


Tarrain 


B 


B 


B 


Parcen-tage 


3.8* 


16.9* 


55.6* 


Irobibility  of  findtr./’  lind  condition  ik 


Payload  In  pounds:  1/ 


— Jfahicle 

TerralT! — 

I 

II 

B  11 

3000  xb 

5000  lb 

B  12 

2500  lb 

5000  lb 

B  13 

2000  lb 

4000  lb 

8  21 

3000  lb 

5000  lb 

B  22 

2700  lb 

2500  lb 

D  23 

2250  lb 

1500  lb 
min 

B  31 

2000  lb 

2500  lb 

B  32 

1600  lb 

1560  lb 

B  33 

1500  lb 
min 

1560  lb 

B  41 

2000  lb 

2500  lb 

B  42 

2000  lb 

2500  lb 

B  43 

1600  lb 

2500  lb 

Life  expect,  rc j  of  tV*  vehlcl**  ir.  r:  1*3 


_  Vehicle 

Terrain 

, 1 
_ 1 

II 

B  11 

3  12 

25,000 

50,000 

*  13 

22,000 

40,000 

B  21 

20,000 

10,000 

B  22 

1*,  00, 

5,000 

3  23 

15,000 

3,000 

8  31 

15,000 

0,000 

n  32 

12,000 

5,000 

B  33 

10,00 

5,000 

B  a 

10,000 

5,000 

0  42 

10,000 

5,000 

B  43 

0,000 

5,000 

KUnUlMne.  co.t  for  «»  Ilf.  of  th.  whiclo.  ify) 


— - — - — 1 

V*hlcl« 

I 

II 

Co  rt 

♦  1,500 

1  I, COG 

KUotolo.no.  tl~  P*r  h«jr*  rf  r“n"l,'*  tta*‘  qJ 


V«hlel« 

I 

II 

Hour* 

10 

3 

TijM  yoqulrod  to  r«fu*li  tj 


Vohiel* 

I 

II 

Hour* 

.5 

,,  | 

TO 


than  we  must  obtain 


for  i  •  1,  2,  3,  U.,  k  =  1,  2,  3.,  and  j  ■  I,  II.  Cnca  they 
ara  obtained,  tha  tl»a  required  for  the  trip  for  vehicles  I  and  II 


follow*  quickly 


0?06 


W>.3 


79 


II 

(1*"IooK93*26) 


96.06 


T  -  <  1  ♦  I,)  ) 

J  Too 


t 


t 


D  A 


i  plk 


*  VikJ 


‘V 


f  D»i  «k 

Cm  n«i  A  L 

1*1  k*l  A  “ikj 


-  1  )i 


Vshlcls 

I 

II 

Tj  (hours) 

47.61 

96.81 

Thsrsfors  In  our  illustration,  wbsn  spsad  is  ths  criterion,  ths 
tracked  vahicls  is  ths  best  ons  to  uss. 

Ths  cost,  psr  vshlcls,  lnvolvsd  In  transporting  ths  payload  a 
dlatancs  D  by  ths  Jth  typs  vshlcls  Is  glvsn  byj 


Cj  «  <fJ> 


N 


t  <v  £  £— 

k*l  *  lkj  i«l  k-1  A 


Plk 
A  Lik.1 


«(!•«  ) 


n  X 

r  v  DAipik 

fr  fi  “"I ~ 


j  135.155 


In  our  illustration  we  have  assumed  that  the  vehicle  life  ex¬ 
pectancy  depends  only  on  the  running  time.  That  is,  the  life  ex¬ 
pectancy  is  independent  of  the  land  condition  being  traversed.  There 
fore  the  running  time  Xj  divided  by  the  life  expectancy  Lj  gives 
the  fraction  of  tha  vehicle  life  required  to  travel  the  distance  O'. 
Hence  we  can  replace  ; 


t 

i*i 


t 

k*l 


0*4  P 


Pik 


3 


Fraction  of  the  life  expectancy! 


Vehicle  “ 

’» 

..  j 

n 

X 

1  . 

41,92.  . 

•  93.259 . 

LJ 

iooo.oo 

1000.000 

Fraction 

.041920 

“.09325ft 

i  See  Annex  III. 
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The  number  of  vehicles  of  the  jth  type  required  to  trar sport 
the  payload  W  is  given  by: 


(Gj  -  Hj  )u»j 


(U6M  -  50)5.3 


(135.16  -3395.3 


Annax 


hi 


3,  In  general  wa  would  hi va  to  obtain 


by  finding 


for  aach  J*m<l  condition,  and  tiien  *unming  .th«8  *11  up. 


n 


Vehicle 

T#rr*l5T 


1 


II 


hi 

.00022 

— 

.00013 

hi 

.00019 

.00010 

hi 

.00034 

.00019 

hi 

.00106 

.00211 

h 2 

.00117 

.00422 

823 

.00282 

.01408 

®31 

.00612 

.01147 

B 32 

.00?a 

.01779 

®33 

.00973 

.01946 

BU 

.00403 

.00806 

®4  2 

.00379 

.00758 

B43 

- . - 

.00504 

.00806 

,04192 


09326 


It  is  easy  to  extend  the  information  thus  obtained  in  calculating 
t.ha  time  and  cfist  required  to  transport  the  payload  a  di  stance  D  to 
the  following! 


(1)  The  amount  of  fuel  needed  to  carry  out  the  operation  is  G. 

(2)  The  average  operational  speed  is 

T.i 

D 

for  the  Jth  type  vehicle. 

(3)  The  average  running  speed  maintained  by  the  Jth  type 
vehicle  is 


(4)  The  delivery  rate  (i.e.  the  tons  per  hour)  for  the  Jth 
type  of  vehicle  is 


(5)  The  fuel  consumption  per  ton  mile  is 


for  the  Jth  type  vehicle. 

These  are  only  a  few  of  the  values  that  follow  immediately  from 


the  oonsidered  example 


APPENDIX  ..II 


1 


3YKBGL3 

V/  load  on  yhasl,  Including  wh*«l  waight 

j  dua  to  compaction 

R  rolling  raalatanca  J  Rb  due  t0  bulldosing 

/  dua  to  lataral  drag 

D  whaal  dl— to.* 

b  whMl  width 

t  length  of  raut angular  contact  araat  a  »  D  ain  a 


P 

k 

n 

“c 

V 

H 

DP 

A 

Q 


kZ* 


■inkaga 

ground  pra^aura 

a inkaga  eoaf f iciant  / 

•Inkaga  axponant  J 

cohaaira  modulus  of  dafomation  )  . 

>  k  *  Z1  ty 

frictional  modulus  of  deformation )  b 

pdllng  for oa  or  tract  ira  affort 
drawbar  pull:  DP  *  H  «  R 
contact  araa 
cohesion.  rai 


4>  friction  angla 


Y 


•oil  daneity,  lb/cu.  in. 

"Taraaghi  constants,"  function  of 
radius  of  circular  contact  area* 
function*  of  4 


4 


l(b+-«)  for  -  s2 
2  b 


t 

i 

i 

t 
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MOBILITY  OP  A  EAHILY  OF  RIGID  WHEELS  IN  A  SPECIFIC  VARIETY  OF  SOILS 
The  problem  la  to  evaluate  DP/V  in  various  soils  for  various  sits 
wheels  and  various  leads  as  specif iad  in  the  text*  In  conforaitjr 
with  the  previously  outlined  theoretical  establishment  of  matrices 
let  seme  of  the  pertinent  procedure  be  repeated  for  the  sake  of  clarity. 

1.  Contact  Area  dnd  Angle  of Approach 

The  contact  area  is  assumed  to  be  the  area  determined  by 
the  Intersection  of '  the  wheel  with  the  plans  of  the  surface.  This 
area  has  a  length,  s,  and  a  width,  b.  the  wheel  width.  Hence. 

V  A  .  sb  ' 

I 

The  ground  pressure,  p.  is  assumed  to  be  applied  to  this 
area,  so  that 

*  s  M/P 

The  angle  of  approach  of  the  wheel  is  assuiMid  to  be  the  * 
angle  between  the  surface  and  a  line  tangent  to  the  wheel  at  the 
surface,  as  shown  in  Exhibit  B-l,  Accordingly, 

a  •  cos  (1  -  2Z/D) 

s  ■  D  sin  a 


«7 

/ 


llt'T-t 


EXHIBIT  B-l 

Aa aunad  angla  of  approach  and  contact  length 


2.  Reasonable  '.  heel  Lending 

Although  only  rigid  wheels  are  being  considered  in  this 
analysis,  sane  attention  should  be  given  to  the  magnitude  of  the  load 
assumed  for  a  wheel  of  given  dimensions,  A  'uick  method  of  estimat¬ 
ing  this  maximum  load  was  obtained  by  plotting  seme  data  obtained  from 
the  Goodyear  Tire  and  Rubber  Company  (see  Exhibit  B-2).  The  product 
of  Baxlmum  tire  width  and  diameter  was  used  as  an  index  of  load  capacity 
and  the  following  approximation  was  obtained. 


W  =  597  (Jfo-) 

max  100 


1.26 


(5) 


The  reader  may  wish  to  eliminate  certain  combinations  of  wheel  diameter, 
width  and  loading  on  the  basis  of  equation  (5)j  however,  this  was  not 
done  in  the  tabulated  results. 


3.  Cffnrutlne  Procedure 

The  ocmplete  procedure  used  for  computing  the  drawbar  pull 
of  a  rigid  wheel  is  outlined  below,  along  with  values  of  inputs  u-sd 
in  the  simple  c>*lculations. 

a.  Incuts  and  Valfleg  Used 

Incuts  Values  Used 


k 

n 


5,  15,  25 
0.5,  1,  1.5 


* 

D  (for  W  m  1000) 


0,  0.5,  5 
0°,  10°,  30° 
20,  50,  100 


9? 

■f 


Z± ilbit  B-2  Kaxiaai  fir*  Load  Ai  A  Function  Of 


D  (for  W  *  30OC,  5000) 
b 

r 


5C,  00,  100 
10 
.06 


b.  Procadura 


{- 


(1)  2  i  k bO^brn 


-t  2 

7  STT 


(2)  »  =  COB  "X  (1  -  ~) 


(3)  a  a  D  aln  a 
(/,)  A  =  »b 


(5) 


Ro  = 


fflr> 


2n+2 

2n*l 


2n+-2_  J 

(3-n)"2nfi(0^1)(kb?in 


(6) 

(7) 


K 

K 


c  .  (Nc  -  tan  f)  eoa2  i 
v*  /  *+•  1  )  eoa2 

y  >1^7  / 


N^ara  given  for 
aaeh  Talua  of  / 


(8)  t  *  Z  tan2  (4 5  *  jf/2) 

(9)  1L,  ■>  sis  («•*•<] _  (  2z.it,  ) 

V7'  ^  *  2  aln  a  coa  + 


4  TJCjlSjUlU  -t-  ct2  tan(45+//2) 

540  100 


(10)  Ha  Ac  t  W  tan  ^ 
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(11)  UP  :  II  -  <<c  -  Rb 

The  equACions  for  -.tecs  vl)  and  (5)  -  (11)  previously 
discussed.  .  The  equation  for  Rb  was  simplified  when  it  was  discovered 
that  the  thi»J  term  contained  a  trigonometric  expression  equal  to 
unity! 

Vl-e-  tan2  (45  f  if  2)  cos  (U5+  i/2)*  1 

U.  Performance  Criteria 

In  addition  to  drawbar  pull,  several  other  performance 
criteria  are  of  interest. 

*•  Drawbar  Pull  per  Unit  of  Contact  Area 

This  is  a  measure  of  the  efficiency  with  which  the 
contact  area  is  being  used.  It  is  obtained  from  the  ratio  DP/A. 

b.  Drawbar  Pull  ter  Unit  of  Load 

This  le  a  measure  of  the  siope-ollmbing  ability  of 
a  wheel.  It  ia  of  interest  tc  see  how  DP /W  varies  with  wheel  diameter 
and  with  approximate  wheel  volume  (diameter  squared). 

e.  Relative  Range  of  a  Wheel 

"The  larger  a  truck,  the  larger  ite  fuel  tank."  Thie 
ia  verified  by  the  present  family  of  military  cargo  trucks,  as  shown 
by  Exhibit  B-3.  Fuel  capacity  can  be  assumed  proportional  to  gross 
weight. 

fuel  c on sumption  (gal/mi)  is  proper* ional  to  rolling  resistance. 
Since  rar^je  is  equal  to  fuel  capacity  divided  by  fuel  consumption,  the 
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"relative  rang.*"  of  a  vheel  can  be  approximated  by  tha  ratio  of  lc  i 
to  rolling  raafstanca  (fuel  capacity  par  wheal  assumed  proportional 
to  load)*  Hence, 

Relative  wheel  range  ■  v  (6) 

Rc  ^  Rb 


This  criterion  only  holds  for  families  of  vehicles  which  have  fuel 
capacities  proportional  to  their  gross  weight. 

5.  Results  and  Conclusions 

The  procedure  outlihed  in  section  3b  wai  used  in  making 
some  sample  calculations,  covering  the  values  of  inputs  given  in  section 
3a.  Several  thousand  cases  would  be  neceseary  in  ordor  to  draw  complete 
sets  of  curves.  Due  1 ,  the  preliminary  nature  of  this  investigation, 
the  computing  was  held  to  a  total  of  576  eases,  which  was  sufficient 
to  show  trends  and  the  relative  importance  of  the  parameters  k,  n,  c, 

/,  D  and  W. 

Because  of  the  number  of  parameters  involved ,  a  great  , .  , 
matrices  would  be  required  to  show  all  possibla  relationships  between 
parameters.  The  particular  trend  desired  can  be  readily  obtained  by 
extracting  the  appropriate  numbers  from  computed  values.  As  an  example, 
the  effect  of  varying  each  parameter  separately  while  holding  the  other 
parameters  at  mid-range  values  Is  shown  in  Exhibit  B-5.  Negative  values 
of  drawbar  pull  are  included  to  shew  tha  trsnds  throughout  the  rar.gett 
of  values  considered. 

No  definite  conclusions  can  be  drawn  from  Exhibit  B-5  because 
it  shows  only  one  possible  set  of  relationships.  However,  the  trends 
indicated  can  be  followed  up  in  more  detail  by  reference  to  the 
tabulated  data.  For  example,  the  advantage  of  low  wheel  loading  seem-  ' n 
hold  for  all  types  of  soil  ar.d  fer  all  wheel  diameters.  Increasing 
wheel  diameter  (at  constant  width)  showi  improvement  of  performere* 
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Drawt  ir 


4 

FXHIBIT  B-5 

The  effect.  on  drawbar  pull  of  a  rigid  wheel  of  varying  each  parameter 
separately  while  holdirg  all  other  parametei a  at  intermediate  values 
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In  all  ease*.  This  llluatratoa  tho  rol*  of  particular  dinrnalona  of 
th«  wh#*l  in  lta  ov*r  all  nobility. 
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